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ABSTRACT 
This is a proposal to conduct radar investigations 
of selected mi:or planets, including (i) observations during 
1981-82 of 10 potential targets (2 Pallas, 8 Flora, 12 Victoria, 
15 Eunomia, 19 Fortuna, 22 Kalliope, 132 Aethra, 219 Thusnelda, 
433 Eros, and 2100 Ra-Shalom), and (ii) continued analyses 
of observational data obtained during 1980-81 for 10 other 
asteroids (4 Vesta, 7 Iris, 16 Psyche, 75 Eurydike, 97 Klotho, 
216 Kleopatra, 1685 Toro, 1862 Apollo, 1865 Cerberus, and 1915 
Quetzalcoatl) . The primary scientific objectives include 
estimation of echo strength, polarization, spectral shapt, 
SF-stral bandwidth, and Doppler shift. These measurements 
yield estixtes of target size, shape, and spin vector; place 
constraints on topography, morphology, and composition of the 
planetary surface; yield refined estimates of target orbital 
parameters; and can reveal the presence of asteroidal 
satellites. 
This proposal is for a period of one year and is for 
renewal of NASA Grant NAGW-116. 
INTRODUCTION AND - SUMMARY OF CURRENT RESEARCH 
Recent efforts to apply the Arecibo Observatory's S-band 
radar system to investigation of minor planets have met with 
considerable success. During the nice months from July 1980 
to March 1981, strong radar echoes were obtained from the 
seven asteroids: 7 Iris, 16 Psyche, 4 Vesta, 97 Klotho, 1685 
Toro, 1862 Apollo, and 1915 Quetzalcoatl. Observations of 
three other asteroids (1865 Cerberus, 75 Eurydike, and 216 
Kleopatra) did not result in firm detections, but will yield 
useful upper limits on these objects' radar cross sections. 
In contrast with these results, only s i x  minor planets had 
been detected during the period 1968-1979. Table I summarizes 
the history and scientific highlights of asteroid radar 
astronomy. At present, asreroids comprise 11 of the 21 
extraterrestrial targets detected with groundbased radar. 
The following recent results iliustrate the various 
types of contributions that radar investigations can m.ke to 
asteroid science: 
Orbital parameters 
Time resolution of echoes from Iris and Apollo permitted 
measurements of the distances to these objects at an accuracy 
8 of one part in 10 . The value of such measurements lies 
partially in thei~ dramatic improvement in our knowledge of 
the targets' orbits: Predictions of Apollo's position from 
half a century of optical obf2rvations were shown to be several 
thousand kilometers in error. 
TABLE 1. ASTEROIDS DETECTED WITH RADAR 
Target Date Inves ;:igators X Pol On* Comments 
-- 
1566 Icarus 196b Goldstein 
E 
1685 Toro 
433 Eros 
1580 Betulia 
1 Ceres 
4 Vesta 
1685 Toro 
12.6 cm OC First asteroid detected with 
radar 
1972 Goldstein, Holdridge, 12.6 cm OC 
Lieske 
1975 Jurgens, Goldstein 3.5 cm OC, SC First precise circular 
polarization ratio 
12.6 cm OC, SC 
Campbell, Pettengill, 70 cm OC 
Shapiro 
1976 Pettengill, Ostro, 12.6 cm OC 
Shapiro, Campbell 
1977 Ostro, Pettengill, 12.6 cm OC 
Shapiro, Campbell 
1979 Ostro, Campbell, 12.6 cm OC 
Pettengill, Shapiro 
1980 0str.0, Campbell, 12.6 cm OC, SC 
Shapiro 
First radar distance to an w 
asteroid (6 km resolution) 
First mainbelt asteroid 
detected with radar 
Marginal detection 
First precise h12.6 cm cir- 
cular polarization ratio 
First full A12.6 cm radax 
mlightcurve" 
TABLE 1 (continued) 
Target Date Investigators Pol ' n* Comments 
7 Iris 
1862 Apollo 
1980 Ostro, Campbell, 12.6 cm O C ,  SC First radar distance to a 
Shapiro mainbelt asteroid 
16 Psyche 1980 u 
97 Klotho 1981 u 
1915 Quetzalcoatl 1981 l a  
4 Vesta 1981 Ostro, Campbell, 
Shapiro 
First delay resolution of 
asteroid radar echoes 
First dual-polarization radar 
observation of a mainbelt 
asteroid 
la O C ,  SC First delay-doppler map of 
an asteroid 
First disrance measurements 
with sub-kilometer resol- 
ution 
m OC, SC First M-type asteroid detected 
with radar 
I4 OC, SC Smallest extraterrestrial 
object detected with radar 
12.6 cm OC, SC 
* Here SC and OC denote reception in the - same sense of circular polarization as transmitted 
and the opposite sense, respectively. 
Rotat ions  
Any s t rong  CW radar  d e t e c t i o n  y i e l d s  an e s t ima te  of t h e  
t a r g e t ' s  limb-to-limb bandwidth: B = (8na s i n  6) /XP,  where - a 
is t h e  mean r ad ius ,  - P is t h e  r o t a t i o n  per iod ,  and 6 is  t h e  
"aspect  angle'' between t h e  t a r g e t ' s  r o t a t i o n  pole  and the  r ada r  
l i n c  of s i g h t .  Estimation of any one of t h e  t h r e e  q u a n t i t i e s  
a ,  ;, and 6 r equ i r e s  knowledge of t h e  remaining two. For Vesta,  - 
whoso r ad ius  is  w e l l  Known and whose pole  d i r e c t i o n  i s  kzown 
t o  about l o 0 ,  t h e  r o t a t i o n  per iod has been debated f o r  s eve ra l  
decades. The r ecen t  measurement of Ves t a ' s  power spectrum 
(Fig. l a )  has resolved t h i s  controversy.  For Psyche (Fig .  l b ) ,  
whose r o t a t i o n  per iod and mean r ad ius  a r e  w e l l  known, t he  r ada r  
es t iAnate  of echo bandwidth r e q u i r e s  t h a t  t he  r o t a t i o n  pole 
d i r e c t i o n  was % 30° from t h e  r ada r  l i n e  of s i g h t .  
Size  and shape 
Figure 2 shows delay-doppler r e so lu t ion  of an echo from 
Apollo. The apparent  d i spe r s ion  of echo i n  t i m e  and frequency 
sugges t s tha t  Apol lo 's  e q u a t o r i a l  r a d i i  span t h e  range from 
about 700 m t o  about 800 m,  and t h a t  Apol lo 's  shape i s  more 
complex than,  say,  an e l l i p s o i d .  The dFs2r ibu t ions  i n  de lay  
and doppler  of echoes from Iris suggest  t h a t  t h i s  a s t e r o i d ' s  
mean e q u a t o r i a l  r-..dius is about t h r e e  times l a r g e r  than i ts 
pola r  rad ius .  
Surface s t r u c t u r e  
Unlike t h e  Moon and inner  p l ane t s ,  t h e  a s t e r o i d s  observed 
s o  f a r  a r e  not  quas i specula r  s c a t t e r e r s  of 12.6-cm-wavelength 
V E S T A  1 3 8 L f l A R  2 - 2  a 1 4  
KMSO/S0=189. 3 6 0 . 0  H Z  
= O C  X=11706.105 P H 4  
I i 
P S Y C H E  I H ~ N O Y ! L - ~  8 1 5  
KMSQ/SD=Z L 5 .  l60.Q HZ 
FIGURE 1 .  MeaSurcm~ntS of echo spectra l  bandwidth, 
B = (851a s i n  6)/XP, where a is  radius ,  P i s  - 
rotat ion  period, and 5 i s  aspect angle .  The 
r a d i i  of Vesta and Psyche are w e l l  known. 
( a )  A pr ior i  knowledge of Vestals  pole  pos i t i on  
permits deduction of the rotat ion  period,  5 . 3 4  
hours. (b) A pr ior i  knowledge of  Psyche's  period 
constrains  tho aspect angle t o  % 30'. 
r R'GfNAL PAGE I '  
Cp POOfi QUALIT r 
FIGURE 2 .  Delay-doppler reso lut ion  of radar echoes 
from Apollo. Power spectra are p lo t t ed  a t  seven 
delays  separated by 5 us (750 m). Delay # I  is 
c l o s e s t  to  the radar. Since the delay reso,ut,ion 
is 10 us, spectra i n  adjacent range boxes are 
correlated.  Spectral  reso lut ion  is 0 . 8  Hz. 
radar  waver. Although regol i~kks  may be p re san t  on as teroidr .1  
su r f aces ,  l a r g e ,  smooth a r e a s  cha rac t e r i zed  by small nns s lope8 
cannot ba morphologically dominant. 
Values of t h e  c i r c u l a r  p o l a r i z a t i o n  r a t i o ,  pC, of SC 
echo power t o  3C power, measured f o r  t h e  Ear th-crorr ing a s t e r o i d s  
Apolla, Que tza l coa t l ,  and Toro, averagg about 0 .26 .  Th is  number 
is higher than t h a t  t o r  t h e  Moon ( u C  Q, 0.1) bu t  lower than t h a t  
f o r  t h e  d i f f u s e  component of the  lunar  echo i p C  " 0 . 5 ) .  I t  i s  
much lower than the  value (% 1) expected f o r  complete depolar-  
i z a t i o n  by smal l -scale  roughness and/or mu l t i p l e  s c a t t e r i n g .  
No mainbelt  a s t e r o i d  has been de tec ted  i n  t h e  SC p o l a r i z a t i o n .  
bu t  t h e  d u a l - p o l a r i z a t i o n  observa t ions  of Iris,  Psyche., and 
Vesta r e q u i r e  t h a t  v C  be no g r e a t e r  than.  and perhaps much 
l e s s  than,  0.3.  As a c l a s s  of t a r g e t s ,  t h e  a s t e r o i d s  seem t o  
be smooth a t  decime4,2r s c a l e s  but  very rough a t  some s c a l e ( s )  
longer than a few meters. 
Cornposition -
Opt i ca l  and i n f r a r e d  r e f l e c t i o n  s p e c t r a  show t h a t  M-type 
a s t e r o i d s  such as Psyche have free Fe/Ni metal on t h e i r  ru r -  
faces .  I f  these  o b j e c t s  a r e  made e n t i r e l y  of met?.l, they 
are probably remnants of t h e  cores  of much l a r g e r  o b j e c t s  which 
d i f f e r e n t i a t e d  and cooled before  they were fragmented i n  co l -  
l i s i o n s .  However, o p t i c a l  and i n f r a r e d  observa t ions  a r e  in-  
se r i s i t ive  t o  subsurface  composition, and cannot d i s t i n g u i s h  
f r e e  metel from a mixture of f r e e  mtal and n e u t r a l  s i l i c a t e s .  
Psyche's r ada r  albedo is the  h ighes t  measured f o r  any a s t e r a i d  
t o  date ,  but i s  much lower than t h a t  expected f o r  a pure 
meta l l ic  object .  
DESCRIPTION OF THE PROPOSED PESEARCH - 
Observations 
Support i s  requested to  canduct radar  observations cf 
aateroida 2 Pa l l a s ,  8 Flora,  12  Vic tor ia ,  15 Eunomia, 19 For- 
tuna, 22 Kalliope, 132 Aethra, 219 Thusnelda, 433 Eros, and 
2100 Ra-Shalom. Eros i n  the only one of these po ten t i a l  t a r -  
g e t s  previously detected by radar  (Jurgens and Goldstein, 
1976;  Campbell -* a t  a1  t 1 9 7 6 ) .  Eros' 12.6 c m  radar proper t ies  
a r e  not wall  known. P r a c t i c a l l y  nothing is know about the  
physical  proper t ies  of e i t h e r  Ra-Shalom (an Aten as t e ro id  with 
t h e  smallast known o r b i t a l  semha jo r  ax i s )  o r  Aethra ( the  
f i r s t  Mars-crosser discovered).  Pa l l a s ,  Flora,  Vic tor ia ,  
Eunozaia, Fortuna, Kalliope, and Thusnelda a r e  well-known 
main-k i t  anteroids .  Except f o r  Fortuna, each o f  these "re- 
semblesM s o m  radar-observed as te ro id  i n  tenus of surface 
mineralogy in fe r red  from s p e c t r a l  r r f l e c t a n c t  s ignatures  
(GaLfey and McCord, 1979) , and/or i n  t e r m  of CSMERU taxonomic 
c l a s s  (ZeXlnar, 1979). P a l l a s  appears s imi la r  t o  Ceres (de- 
tec ted  by Ostro et a l . ,  1919) ;  Flora,  Vic tor ia ,  Eunomia, and 
Iris a r a  S-typa objec"; Kalliope,  Thurnelda, and Psyche a re  
M-type objec ts .  Fortuna is a C-type and is the  f irst  p o t e n t i a l  
mainbelt radar  t r r g a t  whose mineralogy resembles rjrbonacrous 
chondri t ic  msteorites.  Clear ly,  i t  is d a s i r a b l r  t o  compare 
the raaar  proper t ies  of a la rge  s t a t i s t i c a l  sample of a s t e ro ids  
which seem simila  0.- the bas i s  of o ther  c r i t e r i a ,  
The proposed obnervations w i l l  attempt t o  achieve the 
following e x p e r i m n t a l  objec t ives  f o r  each as tero id :  
1. Detection of the  t a r g e t ,  measurement of abso l r t e  
Doppler s h i f t  and m a a r ~ r e m n t  of absolute radar  c ross  
mection. 
2.  Measuremunt of t a r g e t  limb-to-limb bandwidth. 
3 .  Measurement of tlre disc- integrated c i r c u l a r  
polar iza t ion  r a t i o  gC 
4 .  Exploration of the dependence of radar r e f l e c t i v i t y  
and polar iza t ion  on r o t a t i o n a l  p h a t a .  
These objec t ives  w i l l  ba pursued using a simple LW wave- 
form. If echo s t rength  is r u f f i c e n t l y  high ( a s  is expected 
only f o r  Flora and Erosj ,  phase-coded CW observations w i l l  be 
ca r r i ed  out t o  resolve the echoea i n  delay,  parmicting da ter -  
misation of t a r g e t  dis tance and d i r e c t  measurement of t a r g e t  
radius.  An accurate est imate of radius ,  whether from radar  
observations o r  independent methods, is necessary f o r  r e l i a b l e  
est imation of i n t r i n s i c  r e f l e c t i v i t y  l i m e . ,  geometric a lbedo) .  
Racently reported speckle interferometxy of F a l l a s  by 
Hege a t  a l .  (1980) suggests the  presence of a s a t d l l i t e  about -
309 a s  la rge  a s  Pa l l a s  i t s e l f .  Photoelectr ic  observations of 
a s t e l l a r  occul ta t ion  by P a l l a s  (Clark and Milone, 19733 may 
provide tenuous support f o r  such a r a t e l l i t a  (Clark a t  a l . ,  
1981) .  Certain l iahtcurva and/or s t e l l a r  occul ta t ion  da ta  f o r  
var ious  o ther  a s t e r o i d s  have a l s o  been i n t e r p r e t e d  a s  poss ib l e  
ev.:dence f o r  b inary a s t e r o i d s  (Van Flandern e t  a l . ,  1979) . 
Theoret icdl  cons idera t ions  do not  preclude t h e  ex i s t ence  of 
mul t ip le  a s t e r o i d s ,  and even suggest  t h a t  c o l l i s i o n a l  processes  
may have bestowed companions on % 10% of t he  main b e l t  minor 
p l ane t s  (Hartmann, 1979; Chapman e t  a l . ,  1980).  Never theless ,  
while t h e  binary-as teroid  hypothesis  provides an i n t e r e s t i n g ,  
c r ed ib l e  explanat ion f o r  var ious  pecu l i a r  observa t iona l  r e s u l t s  
(Weidenschilling, 1981) , t h i s  hypothesis  has no t  been proved 
f o r  any a s t e ro id .  
For P a l l a s ,  speckle in te r fe romet ry  by Worden and S t e i n  
(1979) yie lded a diameter e s t ima te  ( 6 7 3  + 55 km) a t  odds w i t 5  
t he  very r e l i a b l e  occu l t a t i on  value (538 c 12 km) repor ted  by 
Wasserman e t  - a l .  (1979).  Whether o r  not  P a l l a s  has a companion, 
t h e r e  rzmains some uncer ta in ty  about t h i s  a s t e r o i d ' s  configura- 
t i on .  
Ca lcu la t ions  by Showalter (1981) i n d i t a t e  t h a t  P a l l a s  
i s  one of t h e  b e s t  candidates  f o r  having a s a t e l l i t e  t h a t  can 
be de tec ted  using t h e  c u r r e n t  Arecibo S-band r ada r  system. 
V i c t o r i a ' s  a  p r i o r i  s ignal-to-noise r a t i o  is probably no t  suf -  
f i c i e n t  f o r  de t ec t ion  of a s a t e l l i t e  much smal le r  than V i c t o r i a  
i t s e l f .  
Signal-to-nolse c a l c u l a t i o n s  (Ostro ,  19 80)  show t h a t  
Ra-Shalom, F lora ,  Eros,  P a l l a s ,  V i c t o r i a ,  and Fortuna will 
be de t ec t ab l e  i n  a s i n g l e  n igh t  (i. e. , observing sess ion)  . 
In t eg ra t ion  over s eve ra l  n igh t s  will probably be necessary t o  
d e t e c t  Thusnelda, Kal l iope,  and Eunomia a t  t h e  f ive-standard- 
dev ia t ion  l e v e l .  Although Aethra ' s  r a d i u s  is  unknown, p l a u s i b l e  
assumptions about i t s  o p t i c a l  albedo suggest  t h a t  it is  margin- 
a l l y  d e t e c t a b l e  i n  about a week. Except f a r  Eunomia and Fortuna,  
the 1981 o r  1982 appa r i t i on  of t h e  proposed t a r g e t s  p re sen t s  t h e  
most favorable  opportuni ty  f o r  Arecibo radar  observat ion dur ing 
t h i s  decade. 
Arecibo te lescope  t i m e  i s  no t  normally requested more 
than a year  before  t h e  proposed observat ions .  T ime  f o r  observa- 
t i o n s  of V ic to r i a  and Fortuna i n  October 1982 w i l l  be r e q u s t e d  
t h i s  f a l i .  T ime  f o r  observat ions  of t h e  o t h e r  e i g h t  a s t e r o i d s  
has a l ready  been ass igned t o  t h e  p r i n c i p a l  i n v e s t i g a t o r .  
Data analyses  
Support is requested f o r  continued a n a l y s i s  and i n t e r -  
p r e t a t i o n  of radar  d a t a  obta ined dur ing  1980-81 f o r  Toro, Apollo, 
Que tza l coa t l ,  Cerberus, Iris, Psyche, Klotho, Vesta,  Eurydike, 
and Kleopatra. A p r i o r i  p r ed i c t i ons  of echo s t r e n g t h  a r e  gener- 
a l l y  c o r r e c t  only t o  wi th in  an order  of magnitude because of 
t h e  uncer ta in ty  i n  t h e  t a r g e t ' s  s i z e ,  r o t a t i o n  r a t e ,  po le  p o s i t i o n ,  
and/or r e f l e c t i v i t y .  Each a s t e r o i d  is  a unique p lane t  and poses 
p a r t i c u l a r  problems of observa t ion ,  da t a  a n a l y s i s ,  and i n t e r -  
p re t a t i on .  For t a r g e t s  y i e l d i n g  echoes wi th  high s ignal- to-  
no ise  r a t i o s  (e .g . ,  Apol lo) ,  t h e  r ada r  da t a  sets a r e  enormous, 
and i n t e r p r e t a t i o n  of d a t a  becomes an i t e r a t i v e  boots t rapping 
operat ion.  A t  t h e  o the r  extreme, da t a  y i e ld ing  marginal detec-  
t i o n s  o r  non-detections (e .g . ,  Kleopatra)  must be exhaus t ive ly  
analyzed t o  ensure assignment of accurate,  u s e f 7 ~ 1  upper l i m i t s  
on radar  c ross  sec t ion .  
The s c i e n t i f i c  ob jec t ives  of t h e  proposed d a t a  analyses  
include : 
1. Development of t r i a x i a i  e l l i p o s i d a l  models f o r  
Apollo, Toro, Ouetza lcoat l ,  I r i s ,  and Psyche. 
Such models a r e  tedious t o  produce (because of t h e  
lack of closed-forn a n a l y t i c  so lu t ions  f o r  i n t e g r a l s  
encountered) but  a r e  necessary t o  obta in  r e a l i s t i c  
es t imates  of limb-to-lid& bandwidth and radar  
s c a t t e r i a g  law. 
2 .  Analysis of Apollo 's  c i r c u l a r  p o l a r i ~ a t i o n  r a t i o  
as a funct ion of frequency over the inore than 300' 
of r o t a t i o n a l  phase sampled by tile 1 9 8 1  obser-ra- 
t i o n s .  I f  po la r i za t ion  features txist, it may be 
poss ib le  t o  a s c e r t a i n  the  loca t ion  and e x t e n t  of 
the source regions.  
3 .  Parameterization of the radar  r e f l e c t i v i t y  of metal- 
containing a s t e r o i d  sur faces  i n  t e r n s  of ? a r t i c l e  
size, m e t a l / s i l i c a t e  r a t i o ,  and dens i ty .  
4 .  Modelling of r ada r  speccra l  s igna tu res  f o r  binary 
a s t e r o i d  configurat ions.  
5 .  Reduction of high r e s o l ~ t i o n  ( 4  u s )  Apollc~ rangLng 
da ta ,  and generdtion of delay-doppler ~mps. 
6 .  Improved ? red ic t ion  of a s t e r o i d  radar sagnal-to-noise 
r a t i o s ,  coupled with a search f o r  favorable  radar  
observing oppor tun i t i e s ,  
7. Definition and classification of the radar 
scattering properties of minor planets. 
8 .  Correlation of radar and visible-wavelength 
properties as functions of rotational phase. 
BUDGET ESTIMATE 
For Renewed Support of NASA Grant NAGW-116 
"Radar Inves t i ga t ion  of Asteroids" 
November 1, 1981 through October 31, 1982 
Prof.  S. Ostro, P r inc ipa l  Inves t i ga to r  
100% 2% Mos. Summer $ 1,276 $ 5,104 
Graduate Research Asst., 25% AY 4,550 1,472 
1C3X 24 Mos. Summer 480 1,920 
Secy ICler i c a l  , part-t ime 1,998 1,000 
TOTAL SALARIES $ 8,304 $ 9,496 
I n d i r e c t  Ccsts ,  72% of S a l a r i e s  5,979 --- 
(through 6130182) 
Fringe Benef i t s  640 7 66 
Travel* 2,275 2,275 
Computing (17 hrs .  @ $370/hr) 4,070 2,220 
Publ ica t ions  & Reports 1,000 500 
Conrmunicat i ons  330 170 
S u p p ~ i e s  & Services  670 3 30 
To ta l  Direct Costs 
Modff ied  To ta l  Di rec t  Costs 
[Tota l  Direct Coats l e e s  t u i t i o n  
component of graduate s tudent  
c o s t s  and computer c o s t s ]  
I n d i r e c t  Costs, 49X of Tota l  Direct  
Costs ( e f f e c t i v e  7/1/82) 6,195 
TOTAL BUDGET $23,268 $21,952 
To ta l  
(*See a t tached  explanat  ion)  
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TRAVEL EXPLANATION 
4 trips to Arecibo Observatory, P.R., 
duration each tr ip  11 days 
Air fare: 4 trips @ $550/trip $2,200 
Living expenses: 44 days @ $lb/day 704 
Total $2,904 
2 tr ips  to Midwest meetings, 
duration each tr ip  4 days 
Air fare: 2 trips @ average $675/trip $1,350 
Living expenses: 8 days @ $37/day 2 96 
Total $1,646 
Total Travel 
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